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SUMMARY 
Introduction: Perioperative navigation is a recent addition to orthognathic surgery. This 
study aimed to evaluate the accuracy of anatomical landmark-based registration. 
Materials and methods: Eighty-five holes (1.2 mm diameter) were drilled in the surface 
of a plastic skull model, which was then scanned using a SkyView cone beam computed 
tomography scanner. DICOM files were imported into BrainLab ENT 3.0.0 to make a 
surgical plan. Six anatomical points were selected for registration: the infraorbital 
foramena, the anterior nasal spine, the crown tips of the upper canines, and the mesial 
contact point of the upper incisors. Each registration was performed five times by two 
separate observers (10 times total). 
Results: The mean target registration error (TRE) in the anterior maxillary/zygomatic 
region was 0.93 ± 0.31 mm (p < 0.001 compared with other anatomical regions). The 
only statistically significant inter-observer difference of mean TRE was at the 
zygomatic arch, but was not clinically relevant. 
Conclusion: With six anatomical landmarks used, the mean TRE was clinically 
acceptable in the maxillary/zygomatic region. This registration technique may be used 
to access occlusal changes during bimaxillary surgery, but should be used with caution 
in other anatomical regions of the skull because of the large TRE observed. 
 
Keywords: bimaxillary orthognathic surgery, computer-assisted surgery, target 
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Introduction 
Navigation systems are widely used in the operating room to improve surgical 
accuracy. In oral and maxillofacial surgery, there have been clinical reports detailing the 
successful implementation of navigation systems for various operations (Lubbers et al., 
2011a), including implant placement (Widmann et al., 2007; Xiaojun et al., 2007), 
trauma (Yu et al., 2010; Markiewicz et al., 2012), foreign body removal (Eggers et al., 
2009a; Verhaeghe et al., 2012), tumor resection (Lubbers et al., 2011c), and 
orthognathic surgery (Lo et al., 2010). 
In bimaxillary orthognathic surgery, in which the maxilla is mobilized first, an 
intermediate splint is used to bring the maxilla to the planned position. However, by 
principle the splint only allows control of occlusion in the transverse and sagittal 
position, the vertical position is not controlled. A number of inaccuracies can occur in 
the axial, frontal, and sagittal planes due to the mobility of the lower jaw, potential 
inaccuracies in preoperative face-bow registration, cast surgery, differences in joint 
impressibility, uneven manual compression by the surgeon between left and right during 
LeFort I intrusion (especially when dealing with asymmetries), bony interferences at the 
pterygoids in posterior impactions, and difficulty in maintaining manual control of a 
(multi-)segmented maxilla in all dimensions. Although an external pin at the base of the 
nose is a reference point for the evaluation of vertical positioning of the upper incisor 
edge, this linear length also depends on the sagittal change of the repositioned maxilla. 
Due to these potential errors introduced through mandibular positioning, even a 
good intermediate wafer may result in inaccurate sagittal positioning, and vertical 
asymmetric canting of the occlusal plane. Currently available techniques to diminish 
these inaccuracies are non-navigational (Schwestka et al., 1990; Kretschmer et al., 2009; 
Fuglein and Riediger 2011). Although navigation may be considered an additional tool 
to evaluate the accuracy of maxillary repositioning after Lefort I osteotomy, there have 
been few reports about this application. 
Hohlweg-Majert et al., 2005 state that precise registration of the system is the 
main precondition to attain acceptable accuracy. Different registration methods exist and 
can be categorized in two groups: marker-based registration and marker-free registration.               
In marker-based registration: The utilization of a registration template is a well-
known non-invasive method that has proven to be reliable and accurate regarding 
registration results (Luebbers et al., 2008; Eggers et al., 2009a; Eggers et al., 2009b; 
Widmann et al., 2010; Bettschart et al., 2011). The average accuracy of the template-
based registration is between 1 to 2 mm. This device can be placed on the occlusal 
surface of patients, or be fixed to three intra-oral reference points (Widmann et al., 2010) 
in completely edentulous patients. However, this method has its disadvantage. To use a 
registration template, this device must be fabricated prior to the operation, which 
requires additional preparation work. In bimaxillary surgery, one potential source of 
error is poor stability of the registration template because of the interference of 
orthodontic hooks. Similarly, self-drilling screws were inserted into the maxillary or 
mandibular region under local anesthesia to serve as registration points (Yu et al., 2010). 
This method provides even more accurate results (Luebbers et al., 2008). However, the 
technique is invasive and requires an additional surgical procedure to place the screws 
prior to the operation, and in our experience causes pain and discomfort to patients.  
Laser surface scanning is a commonly applied marker-free method (Raabe et al., 
2002; Schlaier et al., 2002; Marmulla et al., 2003; Marmulla et al., 2004; Hoffmann et 
al., 2005). The accuracy level of the laser surface scanning usually is around 2mm 
(Raabe et al., 2002; Schlaier et al., 2002; Hoffmann et al., 2005; Lubbers et al., 2011b). 
During bimaxillary surgery, the clinical challenge is that nasal intubation is used. In this 
case, the patient’s facial profile is modified between CBCT acquisition and the surgical 
procedure. Marmulla et al., 2006 reported that a facial skin shift could reduce the mean 
TRE from 1.1 mm (laser scan while lying down) to 1.7 mm (laser scan while sitting up). 
According to these studies, surface registration accuracy is inadequate for bimaxillary 
surgery because of the huge mean TRE. In the previous investigations, a high-resolution 
laser scanner was utilized to perform surface registration in the clinical setting 
(Marmulla et al., 2003; Marmulla et al., 2004). A good registration result was achieved 
which was up to 1.1 ± 0.28 mm. In these study, the system registered more than 100,000 
cloud points of the patient’s facial profile. In contrast, in other studies (Raabe et al., 
2002; Schlaier et al., 2002; Hoffmann et al., 2005; Luebbers et al., 2008) and normal 
clinical settings, the Z-touch
®
 (BrainLab, Munich, Germany), which was a laser scanner 
for surface registration, acquired fewer than 1000 facial points for the registration. 
Although a high-resolution laser scanner is able to increase registration accuracy, this 
device brings additional high costs and is not universally available.  
According to the published reports, there is no simple and accurate method, 
which is able to meet the clinical requirements of bimaxillary surgery. Anatomical 
landmarks are a natural feature, which could be utilized for registration. A few reports 
concerning the registration accuracy of anatomical landmarks. da Silva et al., 2010 
reported that the use of anatomical landmark for registration was a reliable method with 
which to localize the junction of the transverse and sigmoid sinuses for retrosigmoid 
craniotomies. In his study, the registration accuracy is below 2 mm which can not 
satisfy the requirements of bimaxillary surgery. Other studies demonstrate that the 
accuracy of anatomical landmark registration is even worse than 3 mm (Hardy et al., 
2006; Metzger et al., 2007; Lubbers et al., 2011b). The main error source is that there 
are fewer definable bony landmarks on the cranium and lateral skull to be selected as 
registration point. Although the tips of the crowns are easier and clearly definable, in the 
previous investigations, there is no report concerning utilization of dentition structures 
as anatomical points for registration yet. Therefore, the aim of our  study is to evaluate 
target registration error (TRE) in the context of anatomical landmark-based registration. 
Anatomical points on the dental occlusal and cranium region are utilized.  
 
Materials and Methods 
Data acquisition 
A plastic skull model (type: A20. 3B Scientific GmbH, Germany) was prepared 
for use in this study (Fig. 1). Eighty-five target landmarks were created by drilling holes 
in the surface of the plastic skull model. The diameter of the drill bit was 1.2 mm to 
ensure that all of the target landmarks were clearly visible on the cone beam computed 
tomography (CBCT) scan. 
 The skull model was then scanned using a SkyView CBCT scanner (Cefla dental, 
Italy). The scan parameters were 9 inch with dentition mode. Each slice was composed 
of 512 ×512 pixels. The voxel size was 0.3 × 0.3 × 0.3 mm. The DICOM (Digital Image 
Communications in Medicine) data was imported into BrainLab ENT 3.0.0 software for 
surgical planning. All of the drill holes were identified and labeled as targets on the 
axial, sagittal, and coronal views. The following six anatomical landmarks were 
identified and labeled as registration point landmark: the left and right infraorbital 
foramena, the anterior nasal spine, the tips of the left and right upper canines, and the 
mesial contact point of the left and right upper incisors (Fig. 2). Observer 1 performed 
the surgical planning. 
Data collection 
The navigation system was set up in a normal dental consultation room to avoid 
infra-red light interference from other electronic equipment (Fig. 3). The reference star 
array was firmly attached to the skull model using a headband. After the registration 
procedure, all 85 target labels were checked one by one using a pointer (Fig. 4). 
Whenever the pointer closes on a target label (in our case the labelled drill holes) the 
navigation system calculates the Euclidian distance between the actual position and the 
target label. So whenever the pointer is positioned inside a drill hole the system 
provides the local TRE by calculating the distance between where it believes to be and 
where it actually is.  Each observer repeated the procedure five times. In total, ten 
registration procedures and measurements were performed. Observer 2 carefully 
reviewed the surgical planning and both of the two observers practiced the registration 
procedure three times before the study started. 
Data analysis 
For each target landmark, the TRE was calculated over the ten measurements. In 
this study, the target landmarks were categorized into four anatomical regions, which we 
refer to as regions A through D (Fig. 5): the tuber zone behind the infrazygomatic crest 
(region A); the zygomatic arch (region B); the zygoma and the anterior maxilla (region 
C); and the periorbital region (region D). A two-tailed Student’s t-test was performed 
using MedCalc (MedCalc Software bvba, Belgium) to evaluate the difference of the 
mean TRE in various anatomical regions, and in the calculated mean TRE between 
Observer 1 and Observer 2. Statistical significance was accepted if p < 0.05. 
 Results 
All target landmarks were clearly visible on the CBCT images. The registration 
accuracies for different anatomical regions are listed in Table 1. The maximum TRE in 
region C was 1.6 mm, which was the lowest maximum TRE of the four anatomical 
regions. In the remaining three anatomical regions, the maximum TRE values exceeded 
2 mm. In Fig. 6, the mean TREs for each anatomical region are presented as a box plot. 
Student’s t-test showed that the mean TRE in region C was significantly lower than the 
TREs of the other three anatomical regions. The inter-observer difference of mean TREs 
was statistically significant only in region B, the zygomatic arch (p = 0.02). 
 
Discussion 
The accuracy of image-guided surgery depends on accurate registration. Most 
clinical studies have only evaluated the mean TRE. Our study also considered the 
maximum TRE to be a very important factor because the accuracy of the surgery is most 
defined by the border limit of the registration accuracy. The present study demonstrated 
that when anatomical landmark-based registration was used, the mean TRE in the 
anterior maxillary/zygomatic region was 0.93 ± 0.31 mm. This result was comparable to 
results observed in other studies in which other registration methods were used 
(Marmulla et al., 2003; Marmulla et al., 2004; Hoffmann et al., 2005; Luebbers et al., 
2008; Eggers et al., 2009a; Bettschart et al., 2011). However, the maximum TRE was 
1.6 mm, but the corresponding target landmark was located near the anterior orbital 
floor, above the Lefort I osteotomy line. Clinically, we considered this result to be an 
acceptable level of accuracy for bimaxillary surgery. Although the mean TREs in 
regions A, B, and D were <1.5 mm, the maximum TREs in these regions were all >2 
mm, which showed that the surgeons should take into account at least 2 mm of margin, 
instead of only taking the mean TRE into account.  
 In the previous studies, anatomical landmark registration was performed based 
on the following anatomical points: glabellum, bilateral lateral canthi, bilateramedial 
canthi, and nasal tip, which were difficult to select both virtually on the CBCT image 
and clinically during the registration procedure (Hardy et al., 2006; Metzger et al., 
2007). In contrast, in our study, three anatomical points located on the occlusal level 
were all clearly definable, which helped improve the registration accuracy of anatomical 
landmarks based method. In the technique of anatomical landmarks based registration, 
each observer had their own preference during localizing the points. We found the 
anterior nasal spine and the infraorbital foramena to be an area rather than a point, 
which could cause human error (Widmann et al., 2009) or fiducial localization error 
(Eggers et al., 2006) when identifying the anatomical landmarks during surgical 
planning and during the clinical registration procedure. In order to minimize the 
difference between two observes, both observers were carefully trained three times to 
standardize in registration before the study started. The results of the paired t-test 
demonstrate that, after sufficient training, there the only significant difference of mean 
TRE between Observer 1 and Observer 2 was in the region of the zygomatic arch. 
However, a difference of 0.15 mm in mean TRE did not exert a relevant clinical 
influence. 
Luebbers et al., 2008 reported that the combination of a maxillary dental splint 
with the percutaneous insertion of only two fiducial screws on the lateral orbital rim can 
significantly improve registration precision: the mean TRE significantly decreased to 
0.6 mm (p < 0.001) in the periorbital region. Similarly, Bettschart et al., 2011 reported 
that greater three-dimensional distance between registration points correlated with more 
precise computer navigation, mainly in the most posterior area of the cranium.  In our 
study, three registration points were located in the occlusal surface of the maxilla, and 
the infraorbital foramena to the left and right of the maxilla were selected as two 
additional registration points to extend the volume between the registration points. 
However, even with the inclusion of the infraorbital foramena, we were unable to 
achieve a TRE that was as precise as the one reported by Luebbers et al., 2008, 
probably because the infraorbital foramena are not as well defined as screw heads are.  
Zhang et al., 2011 observed that the fiducial markers should be distributed on 
the alveolar and cranial bone with the centroid of the markers near the study target to 
optimize the fiducial configuration and improve target registration accuracy. Inour study, 
three anatomical landmarks were easily recognizable: the tips of the left and right upper 
canines, and the mesial contact point of the upper incisors. The target labels located in 
anatomical regions A, B, and D were farther away from the registration landmarks than 
those located in region C. This finding explains why the mean TREs in regions A, B, 
and D were worse than the TRE in region C. This finding also agreed with other studies 
(Luebbers et al., 2008; Bettschart et al., 2011).  
Based on recent studies, CBCT has become a commonly applied imaging 
modality in oral and maxillofacial surgery. Eggers et al., 2009b proved that CBCT is 
equivalent to CT regarding precision in image-guided maxillofacial surgery. In our 
study, the SkyView CBCT had a limited field of view (maximum 12 inches); therefore, 
the region of interest was only the midface. However, this field of view was sufficient 
for bimaxillary surgical planning as long as all of the anatomical regions were visible. 
The anatomical landmarker-based registration as presented is a simple and non-
invasive method to use for maxillary surgery because the surgeon needs to visualize 
these six points during the operation anyway, so no additional surgical work is required. 
However, for other types of surgery, the clinicians must first determine whether the 6 
anatomical landmarks are to be explored during the surgery, and then determine whether 
the registration accuracy in the region to be operated meets the clinical requirements. 
Based on the simplicity and precision of the technique we believe the next steps 
should be aiming to the question, which patients might possibly benefit from the 
procedure by the means of clinical outcome. It has been shown in the investigation of 
Rustemeyer et al., 2010 that the quality level of orthognatic surgery is already very high 
based on conventional techniques. However, this study did not evaluate for the changes 
in transversal plane. Other clinical factors, e.g the position of dental midline and the 
balance of the maxillary occlusion were also not examined. Therefore it will be 
interesting to see if this high level can be optimized even further, especially since the 
TRE is an influence factor newly introduced by Computer Assisted Surgery. 
 
Conclusions 
By using six anatomical landmarks, the mean TRE was clinically acceptable in 
the anterior maxillary/zygomatic region. This registration technique may be used for 
bimaxillary surgery to access occlusal changes during bimaxillary surgery. However, 
because of the observed large maximum TRE, clinicians should use caution when 
applying this registration method to the remaining anatomical regions. 
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Table 1 
Registration accuracies in mm by anatomical region.  
 Figure Legends 
 
Fig. 1. Eighty-five target landmarks were drilled into the surface of the skull model and 
numbered. A navigational star array was attached to the surface of the model using a 
headband. 
Fig. 2. Six anatomical landmarks were indicated in the planning software (iPlan ENT 
3.0.0): the left and right infraorbital foramena, the anterior nasal spine, the tips of the 
left and right upper canines, and the mesial contact point of the left and right upper 
incisors 
Fig. 3. The set-up of the navigation system in the testing room.  
Fig. 4. The pointer with a two-star array. 
Fig. 5. Three dimensional surface rendering of the skull model:  Frontal and lateralview.   
Blue region: the tubert zone behind the infrazygomatic crest (region A); Purple region: 
the zygomatic arch (region B); Orange region: the zygoma and the anterior maxilla 
(region C); Green region:  the periorbital region (region D). 
Fig. 6. A box-plot of the target registration error (TRE) in tested regions. A, Tuber zone 
behind the infrazygomatic crest; B, Zygomatic arch; C, Zygoma and anterior maxilla; D, 
Periorbital  region. The mean TRE was significantly lower in region C than in regions A, 
B, or D. 
 
 
 
 
Table 1 
Registration accuracies in mm by anatomical region. 
 Observer 1 Observer 2 Total Inter-observer 
difference 
Periorbital     
Range 0.4 - 2.2 0.4 – 2.1  0.4 – 2.2 P = 0.08 
Mean ± SD 1.28 ± 0.39 1.21 ± 0.35 1.25 ± 0.37 
Number of target labels 29 29 29 
Zygomatic arch     
Range 0.5 – 2.6 0.5 – 2.1 0.5 – 2.6 P = 0.02  
Mean ± SD 1.27 ± 0.51 1.12 ± 0.32 1.20 ± 0.43 
Number of target labels 9 9 9 
Zygoma and Anterior 
Maxilla 
    
Range 0.3 – 1.6 0.3 – 1.5 0.3 – 1.6 P = 0.75 
Mean ± SD 0.95 ± 0.33 0.92 ± 0.29 0.93 ± 0.31 
Number of target labels 38 38 38 
Tubert zone behind the 
infrazygomatic crest 
    
Range 0.5 – 1.9 0.5 – 2.1 0.5 – 2.1 P = 0.18 
Mean ± SD 1.13 ± 0.30 1.19 ± 0.42 1.16 ± 0.36 
Number of target labels 9 9 9 
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